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The International Energy Agency (IEA) is an autonomous body within the framework of the Organization for Economic Co-operation and Development (OECD) based in Paris. Established in 1974 after the first "oil shock," the IEA is committed to carrying out a comprehensive program of energy cooperation among its members and the Commission of the European Communities.
The IEA provides a legal framework, through IEA Implementing Agreements such as the Solar Heating and Cooling Agreement, for international collaboration in energy technology research and development (R&D) and deployment. This IEA experience has proved that such collaboration contributes significantly to faster technological progress, while reducing costs; to eliminating technological risks and duplication of efforts; and to creating numerous other benefits, such as swifter expansion of the knowledge base and easier harmonization of standards. Under the IA collaborative tasks or "Annexes" in the field of heat pumps are undertaken. These tasks are conducted on a cost-sharing and/or task-sharing basis by the participating countries. An Annex is in general coordinated by one country which acts as the Operating Agent (manager). Annexes have specific topics and work plans and operate for a specified period, usually several years. The objectives vary from information exchange to the development and implementation of technology. This report presents the results of one Annex. The Programme is governed by an Executive Committee, which monitors existing projects and identifies new areas where collaborative effort may be beneficial.
The Solar Heating and Cooling Programme

The IEA Heat Pump Centre
A central role within the IEA Heat Pump Programme is played by the IEA Heat Pump Centre (HPC). Consistent with the overall objective of the IA the HPC seeks to advance and disseminate knowledge about heat pumps, and promote their use wherever appropriate. Activities of the HPC include the production of a quarterly newsletter and the webpage, the organization of workshops, an inquiry service and a promotion programme. The HPC also publishes selected results from other Annexes, and this publication is one result of this activity. Visit the Heat Pump Programme website -http://www.heatpumpcentre.org/ -to find more publications and to learn about the HPP Programme.
Legal Notice
Neither the IEA Heat Pump Centre nor the SHC Programme nor any person acting on their behalf: (a) makes any warranty or representation, express or implied, with respect to the information contained in this report; or (b) assumes liabilities with respect to the use of, or damages, resulting from the use of this information. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement recommendation or favouring. The views and opinions of authors expressed herein do not necessarily state or reflect those of the IEA Programmes, or any of its employees. The information herein is presented in the authors' own words. Building geometry and construction data define the transmission of heat and solar radiation through the building envelope. Ventilation and shading characteristics as well as internal loads from occupants and electrical equipment are defined. A simplified approach is used for the calculation of the thermal ground coupling of the building.
Contents
The reference buildings have been implemented in the simulation platform TRNSYS and results from annual simulations are shown both as tabular values and as curves. For all implementations of this reference framework on other platforms it is important to check if the simulation results match the results shown in this report, which are also available in Excelspreadsheets on the internal Task website.
The performance of both heat pumps and solar thermal systems depends significantly on the temperature levels of the heat demand. Therefore, for the comparison of the performance of a solar and heat pump system it is of utmost importance that the simulated flow and return temperatures of the heating system are comparable in the first place. This can be achieved by comparing curves of cumulated energy delivered vs. the temperature that marks the maximum of the flow or return temperature at the time of heat delivery. For the reference framework buildings presented in this report these curves are shown for the different climates of Strasbourg, Athens and Helsinki.
Introduction
This paper describes the three different reference buildings for the application in IEA SHC Task 44 / HPP Annex 38. All of the three buildings are sharing the same geometry, their main difference lies in the insulation layer thickness, thus the heat load. In addition, building SFH15 comes equipped with an air-to-air heat exchanger. The houses are named SFH (Single-Family House) 15, 45 and 100 according to their heat load for Strasbourg. The buildings are a modification of the IEA SHC Task 32 reference buildings (Heimrath & Haller 2007 ).
• SFH15 represents an actual building envelope with very high energetic quality. It fits the Swiss Minergie-P (Minergie 2010) and German Passivhaus (Feist 2005) requirements.
• SFH45 elements are constructed, such that they are oriented at actual legal requirements or represent a renovated building with good thermal quality of the building envelope.
• SFH100 represents a non renovated existing building.
The aim of this reference building description is to provide a simple basis for the comparison of system solutions in between the different projects of IEA SHC Task 44 / HPP Annex 38. Therefore the description considers partly very simple models that would not suit a thermal building simulation, but is sufficient for the use as heat load for the heat generator systems, considers all main heat flows and gives a basis for a more precise adaptation if it is necessary to show further effects of specific heat generator solutions.
Changes since the first "Final" version of this report are documented in Appendix F.
Reference Locations and Climate
Three locations for building simulations are chosen as reference within IEA SHC Task 44 / HPP Annex 38 "Solar and Heat Pumps". They were selected according to European directive of ecodesign requirements for energy-related products (Directive 2009/125/EC). These are namely Helsinki, Strasbourg and Athens. Davos and Montréal are proposed as additional, optional locations. Further information about the climate can be found in Haller et al. (2012) .
The irradiation on inclined surfaces is calculated using the Perez model (Perez et al. 1990 ) with a standard ground reflectance of 0.2. The reflectance of the walls C and D (see Figure  3 ) is set 0.3. The sky temperature for the long-wave heat transfer is calculated using the Berdahl model (Martin & Berdahl) as described in Appendix B.
Building geometries and thermal properties
A general view of the building geometry and its orientation is shown in Figure 1 . The orientation is given for the northern hemisphere 1 . The common geometrical structure of the buildings is fixed by inside measures. The different buildings are then derived by applying the different wall thicknesses. The basic, independent, geometry is summarized in Table 1 , the specific measures in Table 2 . A view of the building's structure is given in Figure 
Construction of building elements
The construction of the building elements is described in detail in the following.
Opaque elements
The construction of the opaque elements (walls, floor, roof) is described in If the simulation program used allows for their specification, the following values are used:
• The solar absorption is set 0.65 (both sides)
• the outer long-wave emission is 0.97 and the inner long-wave emission 0.96. The ceiling emission and the floor emission are set to 0.65.
• Sky view factors are 0.5 for all walls, 0.85 for the south facing roof, and 0.97 for the north facing roof (in agreement with the physical shape of the object and an open horizon).
Windows
The construction of the windows is given in Table 5 and their arrangement in Table 6 , a simple view of the house with windows is provided in Figure 1 . U-value calculations use the same total heat transfer coefficients of α i =7.69 W/m 2 K to the inside and α e =25.0 W/m 2 K to the outside (ambient) as for opaque elements. In simulations rather dynamic heat transfer coefficients (α i & α e ) that also consider the heat flow direction instead of the static U-Values, as shown in chapter 3.1.3, should be used. The indoor convective heat transfer coefficients used for the reference simulation results could also be used for user implementation if not calculated automatically by the software. They are taken from Glück (2007) and calculated according to the following equations:
Horizontal surface, upward heat flux: 
Where wind v is the meteorological wind speed from the climate data.
Ground floor coupling
Ground floor coupling is calculated based on an approach described in ISO/DIS 13370. The detailed calculation procedure is described in the Appendix D. As a simplification, the following general inputs into this procedure are the same for all standard buildings of T44/A38. These are the length and width of the floor in contact with the ground ( Table 7 . Table 4) .
The values for i θ and i θ ∆ reflect the particularity of floor heating (SFH15 and SFH45) and heating by radiators (SFH100). The procedure for obtaining these values is described in Appendix D.
Loads
Ventilation
A minimal, passive, constant air exchange rate of 0.4 h -1 , as fresh air demand of the building, is used. This constant air exchange takes place due to leakages at the houses SFH45 and SFH100. For the SFH15, the constant air exchange is due to mechanical ventilation which is modified by an air-to-air heat recovery. An adjustment of the fresh air temperature simulates this air-to-air heat exchanger with an effectiveness eff λ of 0.6. This means that 0.6 of the difference between the temperatures room ϑ of the outgoing air from the room and amb ϑ of the outside (incoming) air is added to the incoming air temperature amb
The air exchange due to tilted windows is also considered in the simulations and is added to the passive constant air exchange rate. A free driven night ventilation mode for passive cooling, realized by tilted windows, is activated for all buildings if all of the following conditions are met:
• Time between 9 p.m. and 8 a.m.
• average temperature of the last 24 hours above 12°C
• room temperature above 24°C
• ambient temperature at least 2K below the actual room temperature The volume flow rate (m 3 /s) for such a tilted window is calculated as
with the discharge coefficient . Here H stands for the height and W for the width of the window, respectively. T is the average of the ambient and the room temperature (in Kelvin) and ΔT their difference, α is the opening angle of the window in degrees and g the acceleration of earth's gravity.
In case of meeting the stated conditions, six windows (1 m width, 1 m height), i.e. two on each facade except of the North, are tilted to an angle of 10° and the sum of the two ventilation rates is considered.
The direct window ventilation is only used as internal overheating protection. In this case the exchange rate is larger than 0.4 h -1 and the heat recovery ventilation uses a by-pass where the air from outside is directly inserted into the building without heat recovery. The shading is simulated by a constant factor of 0.25.
Shading
Internal load profiles
Two time dependent, internal gains are added in the building, on the one hand caused by inhabitants and on the other hand by electric equipment, described in the following sections.
Occupation profile
Gains caused by inhabitants are divided into convective (20 W) and radiative (40 W) gains per person. The latent heat of 40 W is included directly by the humidity with a mass flow of 0.059 kg/h. The occupation profile of the house is described by a factor changing every hour. The profile is identical for every day and is shown in Figure 4 . The specific values can be found in Table 8 
Electrical gains profile
Thermal gains caused by the waste heat of electrical equipment are given by an external daily periodic profile, c.f. Figure 5 . This electrical gains sum up to 13.4 kWh/m 2 a. 
Heat emission system
The controls of the heating system are set in a way, that the room temperature 2 is kept around 20 ± 0.5°C ( set ϑ = 20°C) and never drops below 19.5°C during heating season. The design heating system parameters for the three houses are given in Table 9 . The design outdoor temperatures ambD ϑ have been derived as described in Appendix A and are -10.0 °C for Strasbourg (ST), -1.0 °C for Athens (AT) and -19.0 °C for Helsinki (HE). loc Q  is the standard heat load at design outdoor temperature for the given locations that has been derived as described in Appendix C. The design inlet temperature of the heat distribution system is given as , The supply temperature (inlet temperature) of the heating system (radiators or floor heating) is calculated as (Version 1): Alternatively to equation (8), the supply temperature of the heating system can be calculated as (Version 2): 
The mass flow through the heat distribution system is regulated by the simulation of a thermostatic valve with a PI and a P controller output signal that is multiplied with the maximum mass flow max m  in order to obtain the actual mass flow that varies with time in each simulation. In the region of set ϑ ± 1.5K the PI controller uses a proportional gain of 0.8
, and an integral gain of 0.05 (Kh) -1 .Outside of this band a P controller with a proportional gain of 0.5 K -1 is used (Heimrath & Haller 2007) . This control setting is proposed for the reference building heat load 3 . Outside of the heating season, the space heat distribution pump is switched off. The criteria for the heating season are 24 hour averaged outdoor temperatures below the heating season limit HS ϑ ( Table 9 ). The On/Off control of the heat pump may need a return temperature setpoint for which the calculation is shown in Appendix E.
The space heat distribution pump has to be a pump that is able to overcome a pressure difference of 0.3 bar 4 at the nominal flow rate of the heating system max m  . The electric energy needed for this pump has to be simulated according to this rule. Reduced mass flow rates do not automatically lead to el. power reduction of the reference systems because they are assumed to be a result of increased pressure drop due to thermostatic valves. If a detailed calculation of pressure drops and electricity demand for pumping is used that differs from these rules the details and the differences in results shall be laid open.
Radiator for SFH100
To simulate the heat transfer to the SFH100 building for space heating a radiator is used. The radiative fraction of emitted power is 0 5 , a radiator exponent Rd n = 1.3 and a thermal capacitance of 1'150 kJ/K are used. The nominal radiator power is 1.3 times the design heat load for the desired location.
3 Different control strategies for the mass flow in the heat distribution system can be chosen, assuming no thermostatic valves in some or in all loops. However, this may have an influence on the flow and return temperatures, on the heat load, on the seasonal performance factor, and on the electricity demand of the system. Whenever a different mass flow control is chosen, the strategy has to be explained in detail, and the resulting frequencies of room temperatures, flow temperatures and return temperatures are to be compared with the reference. Care has to be taken with the interpretation of the results since avoiding thermostatic valves may increase the seasonal performance factor while at the same time increasing the amount of heat emitted and thus the the total electricity demand of the system. Consequently, a better seasonal performance factor may be achieved for a solution that has more electricity demand and is therefore less efficient. For SFH45 and SFH15, floor heating can be simulated within a building model that has the capability for it. However, in the reference simulations performed with TRNSYS,for the sake of simplicity, a floor heating system was approximated in simulations by using an ordinary room radiator model. In this case, the radiator exponent n Rd was set to 1.1 and the thermal capacitance was raised to 40'000 kJ/K to simulate the inertia of a floor. The nominal radiator power is also 1.3 times the design heat load. In this case, because the thermal capacitance of the floor is already included in the radiator, no additional thermal capacitance for the floor has been included in the building model.
The inlet temperature is calculated in the same way as before in equation 8 or equation 11, the nominal mass flow rate according to equation 10.
Simulation Results
Weather data
The weather data for Strasbourg is analyzed in more detail in this section. Table 10 shows monthly values for the irradiation (diffuse and direct) for a south facing wall and for a surface with an inclination of 45° facing south, as well as monthly averaged temperatures for the temperature difference between the effective sky temperature and the ambient and the temperature of the undisturbed ground in 2 meter depth. Graphical representations of monthly irradiations are shown in Figure 6 . 
Building energy balances and room temperatures
Version 2 (equation 11) has been used to calculate the supply temperature setpoint of the heat distribution system and all simulations have been performed with thermostatic valves by PI control of the mass flow rates. The energy balances for the SFH15, SFH45, and SFH100 in the climate of Strasbourg are shown in Figure 7 . Additional energy balances for the SFH 45 are shown in Figure 8 for the climates of Athens and Helsinki. The heat load of the SFH 45 in the climate of Athens is extremely low, and it seems quite unlikely that this heat load at this location will be a candidate for a combined solar & heat pump system. Therefore, only values for the SFH 100 will be shown for the climate of Athens in subsequent sections. The transmission losses shown do not include ground heat exchange losses since these are shown separately. The distribution of hourly averaged room temperatures 6 for the different building simulations in the different climates is shown in Figure 9 and Figure 10 . 6 For TRNSYS, the "convective" room temperature is taken, not the "operative" and not the "star node temperature". Athens SFH 100
Monthly Heat loads
The heat load calculation is based on the input and output temperatures and mass flows of the space heating system (floor heating or radiator). The space heat loads for the different buildings in the climates of Strasbourg and Helsinki are shown in Figure 11 , and the heat load for the SFH100 building in the climate of Athens is shown in Figure 12 . HeatLoad SFH 100
Flow and return temperatures
The flow and return temperatures of the heating system for the different buildings in the different climates are shown in Figure 13 . The red (b/w: dark) curves show how much heat is delivered with flow temperatures below a certain temperature level. The blue (b/w: light) curves show how much heat is delivered with return temperatures below a certain temperature level. From the diagram of the SFH 100 in the climate of Strasbourg it can be seen that the space heating load is 14 MWh/a, and that about 6 MWh are delivered with flow temperatures below 40 °C.
For the comparison of solar and heat pump system performance, these are the most important curves that two different simulations have to match in order to be comparable! Seasonal performance factors can be improved considerably by assuming lower flow and return systems of the space heating system only, without improving the system that delivers the heat. 
Tabular values of monthly building simulation results
The transmission losses shown do not include ground heat exchange losses since these are shown separately.
6.5.1 Strasbourg 
